A 55 mass%Al-1.5 mass%Si-Zn system alloy with good corrosion resistance was sprayed on a plaster substrate. Then, the formation process and some properties of the sprayed coating were investigated. Using the interrupted quenching method, it was found that the sprayed coating structure was not only the layer structure but also a casting structure. Due to large solidification range, the solidification pattern was a mushy type with characteristic of Al-Si-Zn alloys. The maximum temperature and the shrinkage ratio of the sprayed coating decreased as the spray distance increased, due to the decreasing melt particle temperature. Tensile strength and the elongation of the sprayed coating decreased as the spray distance increased, due to an increase in the porosity ratio. In particular, a large amount of oxide was formed in the sprayed coating when air was used as the carrier gas. This oxide formation causes an increase in the shrinkage ratio.
Introduction
The spray forming process leads to production of the sprayed coating with low segregation, fine grains and good mechanical properties.
1) The sprayed coating is separated from a substrate. Thus, the view points about adhesion, a cooling rate and a coating thickness are different from the conventional thermal spray process, which is used as a means of surface modification. A metal sprayed coating is deformed by work such as rolling and forging, and sometimes treated as ageing. 1, 2) However, there are few reports about the net shape process by the spray forming. From the viewpoint of the net shape, it is necessary to avoid coating shrinkage, porosity formation, and coating oxidation.
In this study, for the production of a simple permanent mold, the formation process and coating properties of an AlSi-Zn alloy were investigated. Zn-Al alloys have been used as a permanent mold for the production of expanded polystyrene.
3) However, improvements in strength and corrosion resistance are required. Thus, 55 mass%Al-1.5 mass%Si-Zn alloy, named Galvalume, 4) was used as the thermal spray powder. The formation process was examined by interrupted quenching. Coating properties such as tensile strength, shrinkage ratio and porosity were investigated.
Experimental Procedures

Spray material and substrate
Al-Si-Zn alloy powder was used as a thermal spray material. Aluminum and silicon contents were 55 mass% and 1.5 mass%, respectively. The Al-Zn alloy which is called Galuvalume alloy has high corrosion resistance. Silicon was added to the alloy to increase the corrosion resistance and the mechanical properties. The spray powder with a spherical shape was produced by an Ar gas atomization process. The powder diameter ranged from 20 to 150 mm, and had a main peak at 75-100 mm. A plaster substrate for a precision casting was used as the master model. The 10 mm thick plaster substrate was burned at 523 K for 10.8 ks.
5)
Method of interrupted quenching and measurement
of the sprayed coating properties Figure 1 shows a schematic illustration of the apparatus for the interrupted quenching of a sprayed coating. During the thermal spraying, the sprayed coating was dropped into iced water. The interrupted quenching specimen was investigated. A spray material was sprayed on a plaster substrate with a 20 mm Â 20 mm dimension under the condition shown in Table 1 . During the thermal spraying process, the fixing pin from the plaster substrate was pulled out, and dropped the substrate into iced water at the preset time. The plaster substrate was slid down into the iced water smoothly. The cross-sectional microstructure of the interrupted quenching specimen was observed. The mean grain size of the primary solidification alpha phase was measured by image analysis equipment. The observation interval was 0.2 mm from the plaster substrate surface. Fig. 1 Schematic illustration of the apparatus for interrupted quenching.
* Graduate Student, Kansai University. Present address: Aishin Takaoka Co. Ltd., Aichi 473-8501, Japan Figure 2 shows a schematic illustration of the apparatus for measuring shrinkage of the sprayed coating. A boron nitride powder as a parting agent was applied to a plaster substrate with a 100 mm Â 110 mm dimension. Table 2 shows the thermal spraying conditions for the powder flame spraying. Nitrogen gas and argon gas were used as the carrier gases of the spray material. A thermocouple was set on the plaster substrate at the sprayed coating center. The sprayed coating shrinkage on a 30 mm long line at the sprayed coating center was measured. After measuring the shrinkage, the sprayed coating specimen was removed from the plaster substrate. The cross-section of the removed specimen was observed by an optical microscope. In the microstructure, the porosity looks black, and was evaluated by the measurement of the black area fraction by image analysis. Figure 3 shows an illustration of the tensile test specimen. The specimen was prepared by cutting it off from the sprayed coating. Tensile strength was measured by a tensile testing machine (Instron type, Shimadzu Autograph DCS-2000). The crosshead speed was fixed to 1:67 Â 10 À2 mmÁs À1 . The hardness of the same specimen was measured by a hardness tester machine. Figure 4 shows an example of the microstructure of an interrupted quenching specimen. The grain structure in the region adjoining interface between the plaster substrate and the sprayed coating is an equiaxed structure. The primary solidification phase of the alpha-aluminum exists as equiaxed grains. The silicon phase, which is formed by an eutectic reaction, also exists on the grain boundary. This microstructure represents that a spray particle is rapidly solidified during impact between the spray particle and the plaster substrate. The grain size becomes larger as the distance from the interface to the sprayed coating surface increases. The grain growth seems to be due to heat insulating property of plaster during the solidification of spray particles. On the other hand, fine grains exist in the region close to the sprayed coating surface with a large thickness. It is evident that the fine grains form by rapid solidification during interrupted quenching. In general, a sprayed coating microstructure becomes a layer structure. However, as shown in Fig. 4 , the microstructure looks like a casting structure. The formation of a coarse equiaxed structure such as a casting structure is caused by a slow cooling rate due to the plaster substrate. Figure 5 shows the relationship between the distance from the plaster substrate interface to the sprayed coating surface and the mean grain size of the coating in various interrupted quenching conditions. Mean grain size increases and reaches the peak as the distance from the plaster substrate interface increases. The peak distance corresponds to the position of the boundary between solid and melting states right before interrupted quenching. The melting state might be liquid or slurry because the wide solidification range (about 80 K) exists in the 55 mass%Al-Zn alloy. 6) On the other hand, in the region over the peak distance, the mean grain size decreases as the distance increases. It is evident that grains solidified during interrupted quenching exist in the region over the peak distance. Consequently, the volume fraction of the solidified grains decreases with the peak distance changes toward to the coating surface. This tendency is apparent in the case of the 9 s spraying time shown in Fig. 5(A) . As shown in Fig. 5(A) , the thickness of the sprayed coating increases with the spraying time, because the melt does not flow down the sprayed coating surface. This is attributed to the fact that the melt viscosity is high. There are two reasons for this. First, zinc alloying leads to an increase in the viscosity of the aluminum alloy liquid. 7) The second is the existence of a semisolid due to the wide solidification range of the Al-Zn alloy system. If the melt is vigorously stirred, its viscosity decreases as the melt shear rate increases. 8) However, the melt shear rate is low due to a low flow rate of the melt. Figure 5(B) shows the effect of the spray distance on the mean grain size. The mean grain size increases with decreasing the spray distance, because the short spray distance causes an increase in the spray particle temperature. Figure 6 shows relationship between the interrupted quenching time and the thickness of the solid and liquid layers in the sprayed coating. The total thickness increases with increasing the interrupted quenching time. However, the increase rate of the solid layer thickness is very small, while the increase rate of the liquid layer thickness is huge. This result means that the increase rate of the melt pool by the melt particle impact is remarkably larger than the solidification rate. An increase in the spray distance leads to a decrease in the thickness of the solid and liquid layers. It is evident that the fly loss of the spray particle increases as the spray distance increases. Figure 7 shows a schematic diagram of the solidification process of the sprayed coating formed on the plaster substrate. The formation process of the 55 mass%Al-1.5 mass%Si-Zn alloy sprayed coating is as follows. At first, a sprayed particle is impacted onto the plaster substrate. Fine equiaxed crystals then grow on the plaster substrate. A melt pool is formed because the high temperature sprayed particles accumulate on the equiaxed crystals. The solidification of the sprayed coating is a mushy type due to the wide solidification range. 9) Therefore, there are large amounts of the solid phase in the melt pool. The surface of the melt pool is covered by the oxide scale. Liquid in the spray particle enters into the melt pool due to the oxide scale failure caused by the impaction between the melt pool and the spray particles. As a result, a high temperature melt exists on the pool surface, and the melt solidifies directionally from the plaster substrate surface to the melt pool surface. It is considered that the sprayed coating structure is formed on the casting structure, as shown in Fig. 4 , and that the sprayed coating has low levels of porosity and oxide. Figure 8 shows effects of time on the temperature and shrinkage of the sprayed coating as a parameter of spray distance. Air was used as a carrier gas. The spray temperature increased as the spraying time increases until the spray finished after 10 s. The temperature reached the maximum at the end of the spraying finish time. After this point, the sprayed coating cooled down slowly. The maximum temperature decreased as the spray distance increased. To understand shrinkage behavior, the thermal properties of the 55.1 mass%Al-1.5 mass%Si-Zn alloy were investigated by differential thermal analysis. The alpha Al phase as primary crystal was crystallized at 832 K, and the Al-Si eutectic reaction started at 776 K. The Al-Zn monotectoid reaction started at 646 K. The maximum temperature in the case of a spray distance of 250 mm was about 800 K, which is lower than the primary crystallization temperature. Shrinkage curves show that the shrinkage started at 650-750 K. The shrinkage increased as the spray distance decreased. Figure 9 shows the effects of the spray distance on the maximum temperature, the shrinkage ratio and the porosity of the sprayed coating. The maximum temperature decreased as the spray distance increased. The carrier gas had no effect on the maximum temperature. The reason for the maximum temperature reduction is that a decrease in the spray distance caused a reduction in the temperature of the sprayed coating. The shrinkage decreased as the spray distance increased. We think that the solid fraction in spray particle increased as the spray distance increased because the temperature of the spray particle decreased as the spray distance increased. Therefore, the solidification shrinkage decreased as the spray distance increased. As shown in Fig. 9(b) , the carrier gas had no effect on the shrinkage as with Fig. 9(a) . When air was used as carrier gas, the porosity increased as the spray distance increased. The solid fraction also increased as the spray distance increased. It is evident that the increase of the solid fraction caused air intake and the oxidation of the melt spray particle. Figure 10 shows the microstructure of a cross section of sprayed coating in the case of a spray distance of 350 mm. The equiaxed and white primary crystals solidified, and a needle or plate silicon phase is observed on the grain boundaries. These phases are solidified by an eutectic reaction at the final stage of the solidification process. The microstructures do not change even if air and nitrogen are used as carrier gases. The sprayed coating microstructure seems to be a casting structure, and both porosity and oxide exist on the grain boundaries. Figure 11 shows effects of the spray distance on hardness, tensile strength, and the elongation of the sprayed coating. The hardness of the sprayed coating increases as the spray distance increases. The Vickers hardness is almost constant of about a hundred. This is because the increase of the spray distance causes the grain to become fine due to the increase of cooling rate of the sprayed coating, however the increase also causes the increases of porosity and oxide in the sprayed coating. The tensile strength decreases as the spray distance increases, as shown in Fig. 11(b) . Using air as the carrier gas leads to low tensile strength. Decreases in tensile strength are caused by air intake, oxidation, and porosity formation. A tensile strength between 110 and 240 MPa is considered to be high enough because the tensile strength of the sprayed coating of a brass and zinc alloy including Cu and Ti is about 10 MPa. 10, 11) In our previous study, 12) the tensile strength of the 55.1 mass%Al-1.50 mass%Si-Zn alloy sprayed coating showed that it was five times stronger than a pure metal sprayed coating of zinc and aluminum. In general, the tensile strength of the Zn-Al alloy casting is high. In particular, the tensile strength of the Zn-27 mass%Al alloy is more than 400 MPa. 13, 14) The tensile strength of the sprayed coating is comparable with that of the casting. The tensile strengths of the sprayed coatings sprayed onto a plaster substrate are large due to the low porosity ratio; this is because the cooling rate is small. As shown in Fig. 11(c) , the elongation of the sprayed coatings decreases as the spray distance increases, since the porosity ratio increases with increasing spray distance as shown in Fig. 9 . The elongation of the casting is about two times larger than the value of the sprayed coatings. This result means the effect of the porosity ratio is significant. Figure 12 shows the microstructure of a longitudinal section of a rupture specimen. The Al-Si eutectic structure, and porosity lead to the propagation path and the initiation sited of cracks. 
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Conclusions
On the Al-Si-Zn system alloy sprayed coating, we investigated the formation process and mechanical properties, and obtained the following results:
(1) The solidification type of the semisolid of an Al-Si-Zn system alloy sprayed to a plaster substrate is mushy type. The grain structure of the sprayed coating is a coarse eqiaxed structure due to a slow cooling rate of the sprayed coating on the plaster substrate. Microstructure observation using the interrupted quenching specimen showed that the sprayed coating structure is not only the layer structure which is commonly observed in general sprayed coating but also a casting structure. (2) The grain size in the sprayed coating increases as the semisolid layer thickness increases, due to large spraying time.
(3) The maximum temperature of an Al-Si-Zn system alloy sprayed coating increases as the spray distance increases. The increase of the spray distance leads to the decrease of temperature of spray particle flying, and the shrinkage ratio decreases. (4) The porosity ratio increases as the spray distance increases, especially, using an air gas as a carrier gas. This result is due to an oxidation of the melt particle surface in air. (5) The tensile strength and the elongation of the sprayed coating decrease as the spray distance increases, again due to an oxidation of the melt particle surface in air. The tensile strength is at the same level as that of an ascast material. This is a product of research which was financially supported in part by the Kansai University Research Grants: Grant-in-Aid for Encouragement of Scientists, 2003.
